Background. The last case of polio associated with wild poliovirus (WPV) indigenous to the Democratic Republic of the Congo (DRC) was reported in 2001, marking a major milestone toward polio eradication in Africa. However, during 2006-2011, outbreaks associated with WPV type 1 (WPV1) were widespread in the DRC, with >250 reported cases.
Since the launch of the Global Polio Eradication Initiative in 1988 [1] , worldwide poliomyelitis incidence has declined by >99%. Four World Health Organization (WHO) regions have certified the eradication of indigenous WPVs: the Region of the Americas, in 1994 [2] ; the Western Pacific Region, in 2000 [3] ; the Europe Region, in 2002 [4] ; and the South-East Asia Region (which includes India), in March 2014 [5] . WPV2 was last detected in Uttar Pradesh, India, in 1999 [6] , and WPV3 was last detected in northern Nigeria, in November 2012 (updates are available at: http://www. polioeradication.org). In India, once the world's reservoir of the most intense polio endemicity, WPV was last detected in early 2011 [7] . Since 2011, only 3 countries have never interrupted indigenous WPV transmission [8] : Pakistan [9] , Afghanistan [10] , and Nigeria [11] . All WPV cases reported in 2013 were associated with only 2 WPV1 genotypes (isolates within a genotype share >85% VP1 sequence identity): the SOAS (South Asia) genotype, endemic to parts of northern Pakistan, with recent spread to Afghanistan and the Middle East [12] ; and the WEAF-B (West Africa B) genotype, endemic to parts of northern Nigeria, with recent spread to the Horn of Africa [13] .
The WHO African Region began polio eradication activities in 1995 [14] . The number of countries in AFR reporting WPV transmission declined from 25 in 1995 to only 1 (Nigeria) by 2008 [8] , a milestone achieved through sustained efforts in (1) routine and supplementary immunization activities (SIAs; mass immunization campaigns) with oral poliovirus vaccine (OPV), (2) sensitive surveillance for cases of acute flaccid paralysis (AFP), and (3) laboratory-based poliovirus (PV) surveillance. The challenge of armed conflict in the DRC, Angola, and other African countries was met by Days of Tranquility, in which hostilities were suspended for the purpose of national immunization days [15] . The last cases associated with WPV indigenous to the DRC and neighboring Angola were reported in 2001 [14] . However, immunity gaps widened in many newly polio-free African countries, as OPV coverage rates declined and natural immunity from WPV infection no longer occurred. Starting in 2002, WPV1 and WPV3 spread from northern Nigeria in successive waves across West and Central Africa, and WPV1 and WPV3 were imported into Southern and Central Africa from India [13, [16] [17] [18] [19] . The imported outbreak viruses were repeatedly rolled back in most African countries [8, 20] , but sustained WPV transmission was reestablished in the DRC and Angola [20, 21] . The widespread outbreaks in the DRC prompted the launch of SIAs, reinforcement of routine immunization, retrospective assessments of age-specific population immunity [22] , and intensified surveillance for AFP cases coupled with virologic characterization of PV isolates [21] .
In this report, we describe reconstruction of the pathways of spread of the imported WPV1 from India to Angola, the DRC, and the Congo by phylogenetic analysis of the 906-nucleotide region encoding the major capsid protein, VP1. VP1 sequence relationships are routinely analyzed by virologists in the Global Polio Laboratory Network [23] . The rapid evolution of PV in nature (approximately 1% substitutions per site per year, equivalent to approximately 1-2 nucleotide substitutions per week over the entire genome) [24] permits precise reconstruction of genetic relationships between isolates, discrimination between PV-endemic source reservoirs and reinfected areas, and establishment of the timing of importation events. We document frequent WPV1 transmission across the borders of Angola, the DRC, and the Congo; the geographic distribution of multiple lineage groups within the DRC; and the detection of gaps in AFP surveillance by the appearance of orphan lineages.
MATERIALS AND METHODS

Virus Isolation and Identification
Viruses, isolated [25] from stool specimens collected from patients with AFP, were characterized by diagnostic reverse transcription polymerase chain reaction [26] [27] [28] , enzymelinked immunosorbent assay [29] , and partial genomic sequencing at the National Institute for Communicable Diseases and the Centers for Disease Control and Prevention.
Sequence Analysis
The complete VP1 region (nucleotides 2480-3385) was sequenced as previously described [30] , using cycle sequencing with the Big Dye Terminator Cycle sequencing kit version 3.1 on the Gene Amp 9700 (Applied Biosystems, Foster City, CA). The DNA sequence was determined using the ABI 3100 Genetic Analyzer, version 3.1 (Applied Biosystems). Raw data were edited using the Sequencher software package, version 4.1.4 (Gene Codes, Ann Arbor, MI).
Phylogenetic Analysis
VP1 sequences were aligned with Clustal X [31] and analyzed using the software package Geneious [32] . Phylogenetic trees were inferred using maximum likelihood methods as implemented in the PhyML [33] plug-in within Geneious. Genetic distances were estimated under models of evolution correcting for multiple substitutions at a site and for unequal transition and transversion rates. Estimation of the evolutionary rate of VP1 sequences was calculated using Bayesian Markov chain Monte Carlo methods, as implemented in BEAST v1.7.5 [34] . Onset dates were used for estimating the evolutionary rate under a strict molecular clock model. Two independent chains were run consisting of 20 000 000 steps each. Sample correlation was assessed by checking the effective size samples statistic in Tracer v1.5 (available at: http://beast.bio.ed.ac.uk). A maximum clade credibility (MCC) tree was inferred by BEAST, in which branch lengths were scaled to time according to the estimated mean substitution rate. The annotated tree file was visualized in Figtree v1.3 (available at: http://tree.bio.ed.ac.uk/software/ figtree).
GenBank Accession Numbers
VP1 sequences of all isolates described here were deposited in the GenBank database under accession numbers KF992599-KF992623 and KJ502317-KJ502560.
RESULTS
Background
The DRC is one of the largest (area, 2.35 million km 2 ) and most populous ( population, approximately 75 million) countries in sub-Saharan Africa. It shares borders with 9 countries, and 2 borders (with Angola in the south and the Congo in the west) extend >2000 km. The DRC is administratively divided into 11 provinces (including the city-province of Kinshasa); each province is further divided into districts. The public health system is organized in approximately 515 health districts (Zones de Santé). All provinces except Kasai Oriental reported WPV1 cases during the 2006-2011 outbreaks. Concomitant with the outbreaks of WPV1 infection, the DRC reported >70 polio cases associated with circulating type 2 vaccine-derived PV (cVDPV2) [35] during 2004-2012. In addition, 4 polio cases associated with WPV3 originating from Uttar Pradesh, India, were reported in the southern provinces of the DRC (1 in 2008 and 3 in 2009) [17] .
Two Separate WPV1 Importations From India Into Angola
Before 2000, at least 5 distinct WPV1 genotypes circulated in sub-Saharan Africa [36] . In the DRC and Angola, the major indigenous genotype was WEAF-A, last detected in those countries in 2001 (Figure 1) . A distantly related WPV1 genotype, WEAF-B, is indigenous to northern Nigeria and, after 2002, represented the last surviving WPV1 genotype indigenous to Africa [11, 37] . Quite distinct from the WEAF-A and WEAF-B genotypes is the SOAS genotype (Figure 1 ), previously indigenous to India and neighboring countries but whose remaining reservoirs of endemicity have been restricted to a few districts in Pakistan and Afghanistan [9, 10] . The last major reservoirs for the SOAS genotype in India were the large and populous northern states of Uttar Pradesh and Bihar [38] .
Polio cases associated with WPV1 were again detected in Angola, in 2005, and in the DRC, in 2006. Sequence analysis showed that the case isolates were not related to the previously indigenous WEAF-A genotype, but to the SOAS genotype (Figure 1) . The isolate most closely related (98.3% VP1 sequence match) to the first 2005 Angolan isolate (from Luanda) was a WPV1 from a 2004 case in Uttar Pradesh, India (Figures 1  and 2 ). The WPV1 from this importation spread from Angola to the DRC, where it circulated within the country until December 2011 (Figure 2) .
A second importation from Uttar Pradesh occurred approximately 2006 and was associated with cases in Angola, the DRC, and the Congo from 2010 to 2011 (Figure 2 and Supplementary  Figure 1) . Viruses from the 2 importations were assigned to 2 separate genetic clusters (isolates within a cluster share >95% VP1 sequence identity), B2D1B (first importation), and B2D1A (second importation). We resolved 9 separate lineage groups (roughly corresponding to chains of transmission) in the DRC within the 2 clusters, which we designated 2006-1 to 2010-6 according to the dates of specimen collection for the earliest isolate of each lineage group (Table 1) The first importation (cluster B2D1B) was associated with 81 cases in the DRC, and the second importation (cluster B2D1A) was associated with 169 cases. Most of the reported cases associated with the first importation were detected in the northern provinces of Equateur and Oriental, the northern districts of Bandundu (BDD), and the eastern provinces of Nord Kivu, Sud Kivu, Katanga (KAT), and MAN ( Figure 3) . Reported cases associated with the second importation were from the primarily southern provinces bordering Angola (Kasai Occidental [KOC], BDD, BCG, and KAT), as well as Kinshasa.
There was frequent bidirectional cross-border transmission between Angola and the DRC (Supplementary Figure 1 and (Supplementary Figure 1) . WPV1 from cluster B2D1B spread from Angola to Namibia in 2006, causing an outbreak among adults with 19 virologically confirmed cases and 26 polio-compatible cases [40] , and WPV1 from lineage group 2010-1 (cluster B2D1B) spread to the Central African Republic in 2008, resulting in 3 confirmed polio cases [41] .
Individual WPV1 lineage groups tended to cluster geographically, reflecting intense local circulation upon introduction into the underimmunized population. Lineage group 2006-3 was most widely disseminated within the DRC, following major routes of river transport in 5 provinces during its spread. By contrast, lineage group 2010-6 was localized to KOC province ( Figure 3 ). Lineage groups 2010-2 and 2010-3 were represented by single cases from independent importation events from nearby Angola (Figure 3 ).
Time Line of Importation and Dissemination Events
The MCC trees (Figure 2 and Supplementary Figure 1) were scaled to time based on an assumed VP1 substitution rate at all sites (K T ) of 0.011 substitutions per site per year [24] . For clarity, the printed tree ( Figure 2 ) was reconstructed only from sequences of the earliest isolates from each DRC lineage (Figure 2 ). Genetic diversity was greater for cluster B2D1B than for cluster B2D1A, reflecting the prolonged (>5 years) duration of circulation after the first importation from India.
Orphan Lineages
In areas with sensitive surveillance, PV isolates obtained by frequent sampling along a single chain of transmission are closely related (usually >99% VP1 sequence identity among the closest relatives). These closely related viruses are represented on phylogenetic trees as short branch connections between sequences. Long branch connections between isolate sequences indicate missing information. If the virus was imported, the missing information may be recovered from the sequence relationships among viruses from the source reservoir, as illustrated in Fig surveillance gaps and suggests that the polio burden in the DRC (and Angola) during 2005-2011 was considerably higher than indicated by the number of virologically confirmed cases.
DISCUSSION
The reestablishment of widespread and prolonged WPV1 transmission in the DRC and Angola following long-range importations highlights the continuing risks of WPV spread until global eradication is achieved and further underscores the need for all countries to maintain high levels of PV vaccine coverage and sensitive surveillance to protect their polio-free status. Both the DRC and Angola had to surmount severe challenges, including armed conflict, to eliminate indigenous WPV transmission in 2001. However, the intensity of immunization [22] and surveillance activities [21] declined in both resource-poor countries. Consequently, immunity gaps widened more rapidly after 2001 than before because of the absence of natural immunity, thereby accounting for the elevated proportion (17%) of cases among patients ≥15 years of age [22] . The widespread dissemination of WPV1 far from the source reservoirs reinforces the point that geographic isolation from WPV-endemic areas does not ensure protection from polio outbreaks in underimmunized populations. Indeed, WPV3 also imported from India circulated in Angola and the DRC during 2008-2009) [17] . However, outbreaks associated with longrange importations are most commonly associated to WPV1 [42, 43] , and include: (1) importation from the Middle East into South America, with circulation from approximately 1980 to 1991 [24, 43] ; (2) a large outbreak in Tajikistan in 2010, with spread into neighboring countries, from WPV1 originating in Uttar Pradesh [18] ; (3) importations from Pakistan to China, in 2011 [44, 45] , and to the Middle East, in 2012-2013 [9] ; and (4) repeated importation waves (during 2003-2006 and 2008-2013) of WEAF-B genotype virus from Nigeria across the importation belt of Africa [16, 17] , reaching as far as Indonesia in 2005 [46] . Although the detected WPV3 importations tend to be of shorter range, WPV3 was imported from Turkey to Finland in 1984 [47] and from India-Netherlands-Canada in 1993 [48, 49] . Moreover, cVDPVs have emerged and spread in many countries with widening immunity gaps, including cVDPV2s in the DRC [50] . The recent outbreaks of WPV1 infection in the DRC underscore the broader risk of WPV and prolonged dissemination from secondary sites, which may persist after WPV circulation had stopped in the source reservoir [38] .
Starting in 2010, the DRC raised PV vaccine coverage, targeting high-risk areas with SIAs. In 2011, several SIAs with monovalent OPV1 were implemented in BCG, BDD, KOC, and northern KAT. Surveillance, which was also intensified in tandem with improved vaccine coverage, documented fewer orphan lineages in 2010 and a declining genetic diversity of WPV1 after mid-2010. Because WPV1 remains endemic to northern Nigeria and parts of Pakistan, it is important that resource-poor countries maintain high levels of population immunity and sensitive surveillance until all PV circulation has ceased.
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